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Abstract Cloning and phylogenetic analysis of
polyphenol oxidase (PPO) genes in common wheat and
its relatives would greatly advance the understanding
of molecular mechanisms of grain PPO activity. In the
present study, six wheat relative species, including 7.
urartu, T. boeoticum, T. monococcum, T. dicoccoides,
T. durum and Ae. tauschii, were sampled to isolate new
alleles at Ppo-Al and Ppo-DI loci corresponding to
common wheat PPO genes, and seven new alleles were
identified from these species, which were designated
as Ppo-Alc (from T. urartu), Ppo-Ald (T. boeoticum),
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Ppo-Ale (T. monococcum and T. durum), Ppo-Alf
(T. dicoccoides), Ppo-Alg (T. durum), Ppo-DlIc
(Ae. tauschii) and Ppo-DId (Ae. tauschii), respec-
tively. Five out of the seven alleles detected in the
wheat relatives contained an open reading frame
(ORF) of 1,731 bp, encoding a polypeptide of 577
residues, which is the same as those of Ppo-Al and
Ppo-DI genes in common wheat, whereas, the full-
length ORF of the allele Ppo-Alg from T. durum was
not obtained, and a 73-bp deletion occurred in the third
exon of Ppo-D1d, an allele from Ae. tauschii, resulting
in a shorter polypeptide of 466 amino acids. The 191-
bp insertion in the first intron reported previously in
common wheat was also found in 7. dicoccoides lines,
implying that more than one tetraploid wheat lines may
be involved in the origination of common wheat.
Phylogenetic trees were constructed using the genomic
DNA sequences of the seven alleles, together with four
from common wheat and four partial PPO gene
sequences deposited in GenBank. The genome tribe
A was divided into two clusters, one of which
contained Ppo-Ald and Ppo-Ale, and the other
included the remaining five alleles at Ppo-Al locus.
The alleles from different clusters showed high
sequence divergences, indicated by dozens of SNPs
and five to six InDels. The genome tribe D comprised
the alleles Ppo-Dlia, Ppo-DIc, Ppo-D1d and Ppo-D1b,
and the former three were clustered together, showing
significant sequence divergence from Ppo-DIb. In
addition, the relationships between these allelic vari-
ants and grain PPO activities were also discussed.
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Introduction

Common wheat (Triticum aestivum L.) is an allohex-
aploid species, constituted of A, B and D genomes. Its
origination and evolution have been investigated
extensively, and it is generally accepted that two
evolutionary events contributed to the formation of
hexaploid common wheat (Feuillet et al. 2001; Huang
et al. 2002; Gu et al. 2004; Petersen et al. 2006). The
first one was the hybridization between 7. urartu
Thum. (the A genome donor) and Ae. speltoides
Tausch or a closely related species (the B genome
donor), resulting in the formation of 7. dicoccoides
(Korn. ex Asch. et Graeb.) Schweinf. (wild emmer
wheat, AABB). Subsequently, 7. dicoccon Schrank
(emmer, a domesticated form of T. dicoccoides)
hybridized with Ae. tauschii Cosson (the D genome
donor), producing hexaploid common wheat
(AABBDD). Durum wheat (7. durum Desf., AABB),
an important cereal used for making pasta, is another
domesticated form of T. dicoccoides, and closely
related to 7. dicoccon (Salamini et al. 2002; Ozkan
etal. 2005; Luo et al. 2007; Jauhar 2007). T. boeoticum
Boiss. (wild einkorn wheat, A™A™) is a wild diploid
wheat species closely related to 7. wrartu, and its
domesticated form 7. monococcum L. is still being
cultivated to a limited extent (Gill and Friebe 2002;
Salamini et al. 2002).

Polyphenol oxidases (PPOs) are copper-containing
metalloenzymes, which are encoded in the nucleus and
then transported into the plastids (Anderson and Morris
2003). PPOs are able to catalyze the oxidation of
phenols to produce quinones that subsequently react
with amino acids and proteins to form brown and black
pigments, greatly reducing the appearance quality of
wheat products (Feillet et al. 2000). It has been proven
that PPOs are main causal factors involved in darken-
ing discoloration of wheat-based products, such as
steamed bread (Dexter et al. 1984), pan bread (McCal-
lum and Walker 1990), pasta (Simeone et al. 2002), and
especially Asian noodles (Kruger etal. 1992; Baik et al.
1995; Mares and Campbell 2001; Fuerst et al. 2006).
Although no evidences have been proposed that high
PPO activity is associated with decreased nutritional
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value, the darkened color can still negatively affect
consumer’s choice (Simeone et al. 2002). Thus,
development of wheat cultivars with low grain PPO
activity is one of the main objectives in wheat breeding
programs (Mares and Campbell 2001; Jukanti et al.
2004).

In many plant species, such as tomato (Newmann
et al. 1993), potato (Thygesen et al. 1995), apple (Boss
et al. 1995), banana (Gooding et al. 2001) and red
clover (Sullivan et al. 2004), PPO genes are organized
in multigenic families. In common wheat, Kruger
(1976) reported 12 isozymes of PPO, implying that
PPOs are encoded by a multi-gene family. Jukanti et al.
(2004) cloned six partial wheat PPO genes and
classified them into two clusters with each three genes,
and one cluster was proposed to be involved in the
developing kernels and the other in the leaves and
stems. Recently, Massa et al. (2007) cloned 21 partial
PPO gene sequences from kernels in wheat related
species, and phylogenetic analyses indicated that the
genes could be classified into four major clusters.
Based on the fact that three PPO genes falling into
different clusters were isolated from 7. monococcum,
Massa et al. (2007) proposed that gene duplication
events happened in PPO genes and led to the formation
of multigenic families. Furthermore, Fuerst et al.
(2008) demonstrated the presence of two or more
kernel-type PPO genes in diploid progenitors of
common wheat A, B and D genomes by southern
analysis, providing more evidences for the multigenic
organization of PPO genes in wheat related species.

The role of PPOs has not been conclusively
delineated. However, the enzymes are often ascribed
to plant defense (Constabel et al. 2000; Haruta et al.
2001). In this regard, it is relevant to note that two
distinct PPO gene families have been identified, each
with apparently exclusive tissue specificity (Jukanti
et al. 2004, 2006). Consequently, it may be a
reasonable breeding objective to eliminate PPO
activity from the grain so that it does not exert
negative effects on food end-product color.

Grain PPO activity in common wheat has been
studied extensively (Kruger et al. 1994; Jimenez and
Dubcovsky 1999; Anderson and Morris 2001;
Demeke et al. 2001; Fuerst et al. 2006). Many reports
indicate that the PPO genes on homoeologous group 2
chromosomes are responsible for grain PPO activity,
especially those on chromosomes 2A and 2D (Jime-
nez and Dubcovsky 1999; Anderson and Morris 2001;
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Demeke et al. 2001; Mares and Campbell 2001;
Simeone et al. 2002; Sun et al. 2005; Raman et al.
2005; He et al. 2007). In a few studies, a QTL with
minor effect was detected on chromosome 2B (Dem-
eke et al. 2001; Watanabe et al. 2004). Previously we
cloned full coding sequences of the PPO genes on
chromosomes 2A (Ppo-Al) and 2D (Ppo-DI) in
common wheat, and identified two allelic variants at
each of the two loci. All of these genes have an ORF
of 1,731 bp, and comprise three exons and two introns
(He et al. 2007). To the best of our knowledge, apart
from several partial sequences (Massa et al. 2007), no
full-length coding sequences of PPO genes have been
isolated from relatives of common wheat so far.

Considering the significance of Ppo-Al and Ppo-
D1 for grain PPO activity, cloning orthologs of the
two genes in the species related to common wheat
would essentially advance our knowledge on the
molecular mechanisms of grain PPO activity. The
objectives of this study were to isolate new alleles of
Ppo-Al and Ppo-DI from the species related to
common wheat, and to analyze their sequence
characteristics and phylogenetic relationships with
the PPO genes in common wheat.

Materials and methods
Plant materials

Five accessions of 7. boeoticum, four of T. mono-
coccum, one of T. urartu, five of T. dicoccoides and
16 of T. durum were used for cloning the Ppo-Al
gene, while 15 accessions of Ae. tauschii were
employed to clone the Ppo-DI gene (Supplementary
Table 1). All these accessions were provided by
National Key Facilities for Crop Genetic Resources
and Improvement (NFCRI), Institute of Crop Sci-
ence, CAAS, China.

Strategies for identification of new PPO alleles
in common wheat relatives

Genomic DNA was isolated from single kernels
following the method modified from Lagudah et al.
(1991). To prevent the admixture of germplasm, three
morphologically representative seeds from each
accession were subjected to DNA extraction, and

once the three seeds from an accession exhibited
inconsistent genotypes, more seeds would be ana-
lyzed to determine the representative one for the
accession.

New PPO alleles were detected in the plant
materials with the PPO markers published previously,
with extensive polymorphisms among common
wheat cultivars. For diploid and tetraploid wheat
species, PPOI8 (Sun et al. 2005) were used to detect
new Ppo-Al alleles, and its PCR products were
directly sequenced using the upstream primer of the
marker, with three seeds analyzed for each accession.
Sequenced PCR products were compared with the
two alleles identified in common wheat (He et al.
2007), Ppo-Ala and Ppo-Alb, to find if the sequences
represent new Ppo-Al alleles. As for Ae. tauschii
lines, markers PPOI16/PP0O29 (He et al. 2007) and
WP3-2 (Chang et al. 2007) were used to detect new
Ppo-D1 alleles, and the PCR products were directly
sequenced with the upstream primers of the markers
and compared with Ppo-Dla and Ppo-DIb, two
alleles at common wheat Ppo-DI locus (He et al.
2007). Gene sequencing were performed in Shanghai
Sangon Biological Engineering & Technology and
Service Co., Ltd. (http://www.sangon.com).

Based on the results of genotyping, the accessions
were classified into different groups, and representa-
tive accessions with one from each group were
chosen for cloning full-length PPO alleles. Two
primer sets, PPOI and PPO2, were designed accord-
ing to the common wheat PPO gene sequence of Ppo-
Ala (EF070147) to isolate its orthologs in diploid and
tetraploid wheat lines, and two primer sets, PPO3 and
PPO4, were developed based on Ppo-Dla
(EF070149) to clone its orthologs in Ae. tauschii
lines. To prevent the formation of chimeric products,
the amplified regions of PPOI and PPO2 have an
overlap of 270 bp (counted from Ppo-Ala), including
the first intron of the PPO gene, while those of PPO3
and PPO4 have an overlap of 436 bp (counted from
Ppo-Dla), covering the second intron. Primers were
designed using the software Premier Primer 5 (http://
www.premierbiosoft.com) and synthesized by Beijing
Augct Biological Technology Co., Ltd. (http://www.
augct.com).

PCR reactions were performed in an MJ Research
PTC-200 thermal cycler in a total volume of 20 pl
including 20 mM of Tris—HCI (pH 8.4), 20 mM of
KCl, 150 pM of each of dNTPs, 1.5 mM of MgCl,,
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8 pmol of each primer, 1 unit of Tag DNA
polymerase  (TIANGEN Biotech Co., Ltd,
www.tiangen.com) and 50 ng of genomic DNA.
Reaction conditions were 95°C for 5 min, followed
by 40 cycles of 95°C for 30 s, 62-65°C for 30 s
(according to the annealing temperatures of different
primer sets), and 72°C for 1.5 min, with a final
extension of 72°C for 5 min. The PCR products were
separated in a 1.5% agarose gel, stained with ethi-
dium bromide, and visualized using UV light. The
targeted bands were recovered and cloned into
pMDI18-T vector (TaKaRa Biotechnology (Dalian)
Co., Ltd.) following the manufacturer’s instructions.
To eliminate errors in sequencing, the PCR reaction
and DNA sequencing were repeated 2—4 times for
each primer set.

Complete genomic DNA sequences of PPO genes
were constructed either by the PCR products of PPO1
and PPO2 (in diploid and tetraploid wheat lines), or
those of PPO3 and PPO4 (in Ae. tauschii lines).
Intron positions were determined by the alignment of
amplified genomic DNA sequences and their corre-
sponding orthologs in common wheat, using the
software DNAMAN (http://www.lynnon.com).

Phylogenetic analyses

All the genomic DNA sequences of cloned PPO genes
in this study, together with those of common wheat
genes Ppo-Ala, Ppo-Alb, Ppo-DIa and Ppo-D1b (He
et al. 2007), and four partial PPO gene sequences

Table 1 Plant materials used in this study and their PPO alleles

registered in GenBank (accession numbers DQ889693,
DQ889700, DQ889706 and DQ889708, Massa et al.
2007) were used to construct the phylogenetic trees.
Gene sequences were aligned with the software
ClustalW 1.83 (Thompson et al. 1997). Neighbor
joining tree and Maximum parsimony tree were
generated by the program MEGA version 3.1 (Kumar
etal. 2004) with 1,000 replicates of bootstrap testing, in
which gaps were excluded only from pairwise com-
parisons for the former algorithm, whereas all sites
were used as characters for the latter one. In addition, a
Maximum likelihood tree was generated by the
software package PHYLIP with default parameters.

Results
Cloning of PPO genes in wheat relative species

New allelic variants at Ppo-Al and Ppo-DI loci in
wheat relative species were identified with the
markers PPOI18, PPO16, PPO29 and WP3-2. In the
test with PPOI8, two polymorphic sequences were
detected in 7. dicoccoides and two in T. durum
(Table 1), whereas no polymorphisms were found in
diploid wheat species. Markers PPO29 and WP3-2
showed no polymorphisms, i.e., the former yielded no
PCR products and the latter amplified a 563-bp
fragment in each of the Ae. tauschii lines. However,
PPOI16 amplified a 713-bp fragment from Ae.
tauschii Ae38, while it generated no PCR products

Species Genome Accession® PCR profile (bp)” Allele GenBank accession number
T. urartu A" URI, (1) 685 Ppo-Alc EU371651
T. boeoticum A" BO1, (5) 716 Ppo-Ald EU371652
T. monococcum A™ MOI, (4) 716 Ppo-Ale EU371653
T. dicoccoides AB DS3, (4) 685 Ppo-Alf EU371654
DS4, (1) 876 Ppo-Alb EF070148
T. durum AB DRS8, (7) 716 Ppo-Ale EU371653
Langdon, (9) Null Ppo-Alg EU371655
Ae. tauschii D Ae38, (1) 713 Ppo-Dic EU371656
Y59, (14) Null Ppo-D1d EU371657

? The number of accessions of each genotype was indicated in parentheses, and a representative accession was shown for each allele.
Accession identifiers were from NFCRI, Institute of Crop Science, CAAS, China

® Diploid and tetraploid wheat lines were detected with PPOI8, while Ae. tauschii lines were amplified with PPOI16
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in the remaining Ae. tauschii lines. Therefore, PPO16
identified two allelic variants in the Ae. tauschii lines
(Table 1).

Based on the polymorphic tests, seven new allelic
variants were identified in these species, with five at
Ppo-Al and two at Ppo-D1 locus (Table 1). Using the
primer sets PPO1 and PPO2 for Ppo-Al, and PPO3
and PPO4 for Ppo-DI (Table 2), we cloned full-
length genomic DNA sequences of six alleles, i.e.
Ppo-Alc (from T. urartu, EU371651), Ppo-Ald (T.
boeoticum, EU371652), Ppo-Ale (T. monococcum
and T. durum, EU371653), Ppo-Alf (T. dicoccoides,
EU371654), Ppo-Dic (Ae. tauschii, EU371656) and
Ppo-D1d (Ae. tauschii, EU371657). As for Ppo-Alg
(EU371655), an allele from T. durum cv. ‘Langdon’,
only the upstream sequence was amplified with
PPOI, and the downstream sequence remains
unknown. Although the coding sequences of these
alleles showed high size divergences, ranging from
2,152 bp (Ppo-Alb) to 1,627 bp (Ppo-DI1d), but they
demonstrated high sequence identities ranging from
86.7% to 99.9%, reflecting their close phylogenetic
relationships. Except Ppo-Alg and Ppo-DId, all other
five alleles shared the same size of ORF with 1,731
bp, encoding a polypeptide of 577 residues. In Ppo-
D1d, however, a 73-bp sequence deletion occurred in
its third exon, resulting in a frame-shift mutation,
which subsequently led to a premature translation
termination, producing a shorter polypeptide of 466
amino acids (Fig. 1).

Structures and polymorphisms of the introns
Apart from Ppo-Alg, all PPO gene alleles cloned in

this study have similar exon/intron structures, i.e. three
exons spaced by two introns. The first introns of the

alleles comply with the GT-AG rule (Supplementary
Figs. 1, 2), starting with a GT dinucleotide and ending
with an AG dinucleotide; all of the second introns,
however, fall into the class of non-canonical introns
characterized by a GC-AG structure (Fig. 2). Com-
pared with the second introns, the first ones exhibited
higher sequence similarities except one InDel (Sup-
plementary Fig. 1). A 191-bp insertion, reported
previously in common wheat (Sun et al. 2005, He
et al. 2007), was also found in T. dicoccoides DS4. The
second introns differed from each other by a great
number of SNPs and several InDels (Fig. 2), and
among the seven PPO alleles cloned in this study and
the four alleles cloned in common wheat (Ppo-Ala,
Ppo-Alb, Ppo-Dla and Ppo-DI1b, He et al. 2007), five
types of divergences were found in the second introns,
designated a through e, respectively (Fig. 2). A large
InDel of approximately 200 bp was shown in the
second introns compared with DQ889708, a partial
PPO gene reported previously (Massa et al. 2007).
Interestingly, footprints of a Miniature Inverted-repeat
Transposable Element (MITE) from the Stowaway
family were found in the second introns of all variants
(Fig. 2).

Phylogenetic inferences and sequence
comparisons

Using programs MEGA and PHYLIP, three trees
were generated by different algorithms, and only the
neighbor joining tree is presented here (Fig. 3).
Topologies of the three trees are highly similar to
each other, and they differed only in the relative
position of Ppo-DIb and DQ889708, i.e. in the
neighbor joining tree, Ppo-D1b is located on the inner
clade closed with other alleles of Ppo-DI, while it

Table 2 Primer sequences
used for the cloning of PPO

Primer sequence (5'-3')*

Annealing temperature (°C)

alleles PPOI F: GCGGCAGCCAGAAAGCAA 63
R: GACGACCTGTTGGCGTAGAT

% The primer sets PPO] PPO2 F: CCAGATACACAACTGCTGGC 62

and PPO2 were used to R: GGAGACGCACCATAGATTCCA

amplify the alleles of Ppo- PPO3 F: GCAGCATGGAGAGCAGTCGC 65

Al from diploid and

tetraploid wheat species, R: GTACGGCTGTCCCAGGAACA

while PPO3 and PPO4 for PPO4 F: AGGTTCTACGTCTACTTCCAC 62

those of Ppo-D1 from Ae. R: TAGATTCTATACCACGGCGAGC

tauschii lines
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Fig. 1 Sequence
alignment of the third exon
of Ppo-Dla and Ppo-D1d
and their deduced amino
acids. Gaps are indicated
with dashes, SNPs are
shadowed, and the terminal
codon is underlined and in
bold. Sequence numbers for
DNA and protein sequences
were counted from the start
codon and the first amino
acid, respectively

Fig. 2 Alignment of the
second intron from different
PPO alleles. The
dinucleotides at 5" and 3’
termini are boxed, and a
denotes the second intron of
Ppo-Ala, Ppo-Alb, Ppo-
Alc and Ppo-Alf, and b of
Ppo-Ald, c of Ppo-Ale, d of
Ppo-Dla, Ppo-Dlic and
Ppo-Dld, e of Ppo-DIb, f
of DQ889708, and g of
DQ889706. The recognition
sites of a Stowaway element
and its putative footprints
are underlined and in bold
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Ppo-Dla

Ppo-D1d
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Ppo-D1d

QQ M0 Qao

onsensus

onsensus

onsensus

ATGATTTCGGACGCGAAGAAGACGCTGCTGTTCCTGGGACAGCCGTACCGCGCCGGCGACCAGCCGGACCCGGGCGCGGGCTCC 1168
M I S DA KK TL L F L G Q P Y RA G D OQ P D P G A G S 314
ATGATTTCGGACGCGAAGAAGACGCTGCTGTTCCTGGGACAGCCGTACCGCGCCGGCGACCAGCCGGACCCGGGCGCGGGCTCC 1168
M I s D AKIKTUL L F L GOQPY RAGUDIOQU&PDUPGA G S 314
CTGGAGAACGTGCCGCACGGCACGGTCCACGTCTGGACTGGCGACCCGGCGCAGCCGAACTTGGAGGACATGGGCAACTTCTTC 1252
L E NV P HG TV HVWTGUDUPAOQU?PNTLETIDMMGNF F 342
CTGGAGAACGTGCCGCACGGCACGGTCCACGTCTGGACTGGCGACCCGGCGCAGCCGAACTTGGAGGACATGGGCAACTTCTTC 1252
L E NV P H G TV HV W TG D PAQ P NLEDMGN F F 342
TCGGCGGCGCGCGACCCCATCTTCTTCGCGCACCACGGCAACATCGACCGCCTGTGGCACGTCTGGCGCCGCCTCCGCCCGAGC 1336
S AARDUP I F F A HHGNID RILWUHV WRIRLR P S 370
TCGGCGGCGCGCGACCCCATCTTCTTCGCGCACCACGGCAACATCGACCGCCTGTGGCACGTCTGGCGCCGCCTCCGCCCGAGC 1336
S A AR D P I F F A HHGNTIDIRILWHV WR R L R P S 370
AACACCGACTTCACCGACCCCGACTGGCTCGACGCCGCCTTCCTCTTCTACGACGAGGAGGCCCGCCCCGTGCGCGTGCGCGTC 1420
N TODVF T D P DW L DAA AV FL F Y DEEA AW R P V R V R V 398
AACACCGACTTCACCGACCCCGACTGGCTCGACGCCGCCTTCCTCTTCTACGACGAGGAGGCCCGCCCCGTGCGCGTGCGCGTC 1420
N T DF T D P D WL DAA ATFULVFY D EZEA AU RUPUV RV R V 398
CGGGACTGCCTCGACCCGGCCGCGCTGCGGTACACGTACCAGGACGTCGGCCTGCCGTGGCTCAACGCCAGGCCGGCCAAGGCG 1504
R D CLD?PA AR ATLWIRYTY QDV GL P WILNA AT RPAIK A 426
CGGGACTGCCTCGACCCGGCCGCGCTGCGGTACACGTACCAGGACGTCGGCCTGCCGTGGCTCAACGCCAGGCCGCCCAAGGCG 1504
R D CLD?PA AR ATLUIRYT Y QDV G UL P WILNA AT RP P K A 426
TCCGGCGGGACGCCGGCGCCCGCCACAACCGGTACCCTCCCTGCCACCCTGGACAGGACCATACGGGTGACGGTGACGAGGCCC 1588
s G G T P A PATTSGTTL?PATTLDU RTTII RV TV T R P 454
TCCGGCGGGACGCCGGCGCCCGCCACAACCGG— - - - - - - --- 1536
s G G T P A P A T T G 437
AGAGTGTCCAGGAGCCGCCGGGAGAAGGAGGAGGAGGAGGAGGTGCTGGTCGTGGAGGGGATCGAGATCGCCGACCATTTCAAC 1672
R VvV S R S R REKEEEEEV L V V E G I ETIAUDUHTFN 482
- --GAGAAGGAGGAGGAGGAGGAGGTGCTGGTCGTGGAGGGGATCGAGATCGCCGACCATTTCAAC 1598
R R R RRRRCWS WU R G S R S P T I S T 458
AAGTTCGTCAAGTTCGACGTGTTGGTGAACGAGCCCGAGGGCGGAGTGGGCAGCACGCCGGCGACGGCGACGGGGTACTGCGCT 1756
K FV K¥ DV L VNZEU®PZEG GG GV G S TPATA ATG Y C A 510
AAGTTCGTCAAGTTCGACGTGTTGGTGAACGAGCCCGAGGGCGGAGTGGGCAGCACGCCGGCGACGGCGACGGGGTACTGCGCT 1683
s §$ s s s T C W 466
GGGAGCTTCGCGCATACGCCGCACATGGTCCGGCCCGAGGAGATGAGGAAGGGACCGGTCAAGACGGTGGCGAGGTTCGGCGTG 1840
G S FAHTUPUHMVIR®PEIEMMRIEKSGU?PV KTV A R F G V 538
GGGAGCTTCGCGCATACGCCGCACATGGTCCGGCCCGAGGAGATGAGGAAGGGACCGGTCAAGACGGTGGCGAGGTTCGGCGTG 1767
466

TGCGACCTGATGGACGACATCGGGGCGGACGACGACCAGACGGTGGTGGTGTCGCTCGTACCCAGGTGCGGCGGTGAGCTGGTC 1924
c pwL.Lm™MoDDTIGADUDUDOGQQTV V V S LV P RC G G E L V 566
TGCGACCTGATGGACGACATCGGGGCGGACGACGACCAGACGGTGGTGGTGTCGCTCGTACCCAGGTGCGGCGGTGAGCTGGTC 1851
466

ACCGTTGGCGGCGTCAGCATCAGCTACCTCAAGIGA 1960
T VvV G G vV s I S Y L K . 577
ACCGTTGGCGGCGTCAGCATCAGCTACCTCAAGTGA 1887
466

(JCAGTAGTACCAACTAACAACCTC-

--AAGAATCCCTGAAAARATTAG

--AAGAATCCCTAAAAAAA
~~AAGAATCCCTAAAAAAA-—=========== === === ==~
~AAGAATCCCTAAACAAAA:

--RAGAATCCCTAAAAATAT-----—

(CAGTAGTACTATATACTAACAACCTTTTARAAAATACTACTCCCTCCCARAATTTGTGTTTTACATTTGTCTAGATACAGATGTATCTA

ONSEISUS ettt et e ettt te e et e et et et e et at et a et a e

ATTAGCAACTTCGAAAATATTGT!
ATTAGCAACTTCGAAAATATTGT!

TTTCTT
TTTCTT

T oo TTAGCAACTTCAAAAATATTGG
ARACTCGTCTAGATACATCCATTTCTGCGACAAGTAATTCCGAATTTTGGGACGGAAGGAGTATTAGCGACTTCAAARAATATTGT

GGTTTG
TTTTTT

.ttagc.acttc.aaaatattg

********** CAACTTCAAAAACATTGTTAACGTAACCACAGAGTTAACCACTGGTCATTAAAATAACACARATGTACGTACGCA!
TTTTGCGAAACAGCTTCAAACATATTGTTAACGTAACCAC-- --CGGTCATTAAATTAAATAGCTCAAATGTACGTACACA'
TTTTGCGAAACAGCTTCAAACATATTGTTAACGTAACCAC--

CqAgG
T(AG|

——--TGAGTAGCAACTTCAAAAATATTGTTAAGGTAACCACAGA----ACCACTGGTCA-TGAAATAACACAARATGTACGTACGCACUAG
TTTTGCGAAACAACTTCAAAAACGTTGTTA-CGTAACCACAGAACCACTGGTCATTAAATTARATAACACAAATGTACATACACAT(AG
——-TTGCGACTCAACTTAAAAAATATTGTTAACGTAACCACAGAACCACTGGTCATTAAATTAAGTAACACAARATGTACGTACACAT(AG
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was located on the outer clade in the maximum
likelihood tree and formed a cluster with DQ889708
in the maximum parsimony tree. Other clades and
clusters were identical among the three trees and
were well supported by high bootstrap values
(Fig. 3). The genome tribe A was further divided
into two major clusters (Fig. 3). Cluster I consisted of
the alleles from 7. urartu (Ppo-Alc), T. dicoccoides
(Ppo-Alb and Ppo-Alf), T. aestivum (Ppo-Ala and
Ppo-Alb), and one of the two alleles cloned from T.
durum (Ppo-Alg). It is notable that T. dicoccoides
DS4 and T. aestivum cv. Chinese Spring shared the
same allele, Ppo-A1b, which was highly homologous
to that of T. durum, Ppo-Alg. The allele from T.
dicoccoides DS3 (Ppo-Alf) and that from T. aestivum
cv. Nongda 139 (Ppo-Ala) showed high sequence
identity, with only one SNP in the third exon,
resulting in a shift from threonine to methionine in
deduced amino acid sequences. Although the allele
from T. urartu (Ppo-Alc) resided on the peripheral
clade of cluster I, only several SNPs were detected
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between Ppo-Alc and other Ppo-Al alleles in this
cluster, demonstrating their close relationships. Clus-
ter II comprised the alleles from 7. boeoticum (Ppo-
Ald), T. monococcum (Ppo-Ale) and T. durum (Ppo-
Ale). A same allele, Ppo-Ale, was detected in T.
monococcum MO1 and T. durum DRS, which highly
related to Ppo-Ald, with only two SNPs. However,
the alleles in cluster II exhibited significant sequence
divergences from those in cluster I, indicated by
dozens of SNPs and five to six InDels (Supplemen-
tary Fig. 1). The genome tribe D included two alleles
from common wheat (Ppo-Dla and Ppo-DI1b), and
two from Ae. tauschii (Ppo-DIc and Ppo-D1d). Ppo-
Dla is highly similar to Ppo-Dlc, an allele from Ae.
tauschii Ae38, with only one SNP in the first exon,
resulting in a mutation from serine to asparagine in
deduced amino acid sequences. Ppo-D1b is markedly
different from other alleles at Ppo-DI locus, as
indicated by its location on the most outer clade of
the tribe. Three partial PPO gene sequences,
DQ889693, DQ889700 and DQ889706, formed an
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'
'
'
'
'
'
'
'
\
/

'

'

'

'

'

'

'

'

A genome

> D genome

T. aestivum cv. Klasic (DQ889708)

— T. aestivum cv. ID377s (DQ889700)
Subtree B
T. aestivum cv. ID377s (DQ889693)
64
e
0.02

Fig. 3 Phylogenetic tree of the PPO gene families in common
wheat and related species. The tree was constructed by the
software MEGA version 3.1 with neighbor joining algorithm,
including seven new alleles found in this study and four alleles
in common wheat reported previously (He et al. 2007), and

T. aestivum cv. Klasic (DQ889706)

four partial PPO gene sequences deposited in GenBank (Massa
et al. 2007). Genes are labeled by species name, accession
identifier, allele name and GenBank accession number.
Bootstrap values are shown and the scale bar indicates the
number of nucleotide substitutions per site
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outermost cluster in the tree (subtree B), being an
outgroup of the alleles in subtree A. Compared with
the three sequences in subtree B, DQ889708 is closer
to the alleles cloned in this study, located on a
peripheral clade of A and D genome tribes.

Discussion

Phylogenetic relationships of the PPO alleles
and the origin of common wheat

In the present study, three trees were generated based
on different algorithms; nevertheless, topologies of
the trees were highly similar to each other, implying
the validity of the phylogenetic relationships. Only the
relative positions of Ppo-DIb and DQ889708 were
differed from the other three trees as mentioned above,
which were probably due to the short sequence of
DQ889708, making variable phylogenetic inferences
when different algorithms were used. As expected,
three partial PPO sequences, DQ889693, DQ889700
and DQ889706, were clustered together as an out-
group (subtree B) of the major group including A and
D genome tribes and DQ889708 (subtree A). Accord-
ing to Massa et al. (2007), the three partial PPO
sequences belonged to three out of four clusters,
respectively, and the members of the fourth cluster
(designated as cluster IV in Massa’s paper) were all
found in the subtree A constructed in this study,
demonstrating that the subtree A is corresponding to
Massa’s group IV. Thus, we could conclude that the
sequences in subree B are paralogs of the alleles in
subtree A, while those within the subtree A are
orthologous genes. In addition, the conclusion is also
supported by the characteristics of the second introns.
A Stowaway element reported previously by Massa
et al. (2007) was inserted into DQ889708, and its
putative footprints were found in other two PPO gene
sequences, DQ889709 and DQ889710, corresponding
to Ppo-Alb and Ppo-Ale identified in this study,
respectively. Interestingly, the putative footprints
characterized by the consensus sequence 5'TCCCT3'
were observed in the second introns from all the
members within the subtree A, whereas not present in
subtree B (Fig. 2, DQ889693 and DQ889700 did not
harbor any introns). This result implied that the
Stowaway element might have been inserted into the
ancestor gene of the subtree A, and subsequently
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excised from Ppo-Al and Ppo-DI, leaving footprints
in the gene sequences, whereas the element remained
in DQ889708. Based on these facts, it is tempting to
say that DQ889708 must be the ortholog of Ppo-Al
and Ppo-DI on the chromosome 2BL, Ppo-Bl,
responsible for the QTL detected on this chromosome
(Demeke et al. 2001; Watanabe et al. 2004). Based on
these analyses, it could be come into conclusion that all
of the alleles in the subtree A must be located on
homoeologous group 2 chromosomes, associated with
grain PPO activity.

The A genome of common and durum wheats was
originated from 7. urartu (Dvorak et al. 1993; Ciaffi
et al. 2000; Huang et al. 2002; Petersen et al. 2000),
which is in agreement with the results inferred from
the structure of the cluster I (Fig. 3), where the allele
from T. wurartu was clustered with those from
tetraploid and hexaploid wheats. However, an allele
found in seven T. durum accessions (represented by
T. durum DRS, Table 1), Ppo-Ale, was clustered
with T. monococcum, sharing exactly the same allele
with the latter. From this fact, it seems that the A
genome of 7. durum DR8 was originated from T.
monococcum, however, this hypothesis is in conflict
with the results from many other studies, which
suggested that T. urartu is the A genome donor of
tetraploid wheat species (Dvorak et al. 1993; Ciaffi
et al. 2000; Huang et al. 2002; Petersen et al. 2006).
Vardi (1973) demonstrated that gene exchange could
occur between diploid and tetraploid wheat species
by a triploid bridge, and therefore, the situation
encountered here may be attributed to the result of a
recent introgression event. A similar phenomenon
was also observed by Zhang et al. (2002), in which
the internal transcribed spacer (ITS) sequences of
nuclear ribosomal DNA in T. dicoccoides, T. mono-
coccum and T. urartu were analyzed, and the ITS
repeat from 7. dicoccoides is markedly similar to that
from T. monococcum, other than that from 7. urartu,
showing the existence of gene exchange between
diploid and tetraploid wheat species. Nevertheless,
we cannot exclude another possibility, which is the
existence of a T. urartu accession with Ppo-Ale
allele, since we only sampled one 7. urartu accession
in this study.

A 191-bp fragment was found to be inserted into
the first intron of Ppo-A1b from common wheat (Sun
et al. 2005; He et al. 2007). Coincidently, the
fragment was also found in 7. dicoccoides DS4,
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which shared the same allele with common wheat cv.
Chinese Spring, showing clearly that the fragment in
Chinese Spring was inherited from an ancestor
closely related to 7. dicoccoides DS4. On the other
hand, however, the allele Ppo-Ala of common wheat
showed high sequence identity with that of T.
dicoccoides DS3 (Ppo-Alf), with only one SNP
detected, suggesting that Ppo-Ala might have
evolved from Ppo-Alf. Therefore, we can make an
inference that more than one tetraploid emmer wheat
participated in the formation of hexaploid common
wheat. A similar suggestion was also proposed by Gu
et al. (2004) when analyzing the A genome HMW-
glutenin locus in common and durum wheats. In
addition, Ozkan et al. (2005) identified two different
genetic lineages within 7. dicoccoides based on
AFLP data, and also found the two lineages in T.
durum and T. dicoccon lines. Furthermore, Haudry
et al. (2007) investigated the nucleotide diversity at
21 loci and found two groups of common wheat, with
each having its related tetraploid wheat lines. All
these findings support the recurrent origin of common
wheat, involving more than one tetraploid progenitor.

The D genome of common wheat derived from Ae.
tauschii some 8,000 years ago (Huang et al. 2002). The
results from Hammer (1980) implied that more than
one Ae. tauschii lines participated in the formation of
hexaploid wheat, and in the past decade, increasing
molecular evidences supported this conclusion (Dvo-
rak et al. 1998; Lelley et al. 2000; Caldwell et al. 2004;
Giles and Brown 2006). In our previous study (He et al.
2007), two distinct alleles at Ppo-DI locus, Ppo-Dla
and Ppo-DI1b, were identified in common wheat
cultivars, which were hypothesized to be inherited
from different Ae. tauschii donors. In this study, Ppo-
Dla showed great sequence identity with the allele
from Ae. tauschii Ae38 (Ppo-DIc), with only one SNP
detected, indicating that Ppo-DIa might have been
derived from an Ae. tauschii donor closely related to
Ae. tauschii Ae38. However, the ancestor of Ppo-DI1b
was not identified in this study, and as shown in the
phylogenetic tree (Fig. 3), Ppo-D1b was located on the
most outer layer of the A and D genome tribes,
diverged not only from the alleles on the A genome, but
also from the remaining alleles on the D genome. This
may be attributed to the limited samples of Ae. tauschii
accessions, omitting the Ae. tauschii lines with an
allele related to the ancestor of Ppo-DI1b. Another
possible reason is that, like the example of 7. durum

DRS, Ppo-D1b was introduced into the D genome of
common wheat from another species, which was not
included in this study, by an introgression event.

Allelic variants of PPO genes and grain PPO
activity

Grain PPO activity is an important trait both in
common and durum wheats. The two PPO genes
highly associated with PPO activity, Ppo-Al and Ppo-
D1, and their allelic variations in common wheat were
well characterized (Sun et al. 2005; He et al. 2007). In
the present study, we identified seven new alleles of
Ppo-Al and Ppo-DI in species related to common
wheat, which might enable us to further understand the
molecular mechanism of grain PPO activity.

Two alleles of Ppo-Al in common wheat, Ppo-Ala
and Ppo-Alb, were proven to be associated with
higher and lower PPO activities, respectively, and the
molecular mechanism for the different phenotypic
effects is probably due to the alternative splicing of
the first intron, caused by a 191-bp insertion (Sun
et al. 2005; He et al. 2007). Interestingly, the 191-bp
insertion sequence was also found in 7. dicoccoides,
and the associations of its presence or absence in the
species with PPO activity still need to be investi-
gated. Fuerst et al. (2008) reported three T.
dicoccoides lines with low PPO activity. Other
studies, however, indicated 7. dicoccoides lines with
high PPO activity (Simeone et al. 2002; Watanabe
et al. 2004), implying a wide range of phenotypic
variation in this species, which may be associated
with the 191-bp InDel.

Previous studies indicated that although many
durum wheat lines had lower PPO activity, there are
still a number of varieties that exhibited moderate to
high PPO activity (Bernier and Howes 1994; Watanabe
et al. 2004; Fuerst et al. 2008). Fuerst et al. (2008)
suggested that the high PPO activity in T. durum
varieties might be inherited from 7. monococcum with
high PPO activity in all accessions. As shown in the
present study, two distinct alleles, Ppo-Ale and Ppo-
Alg, were found in T. durum lines, and it is noteworthy
that Ppo-Ale was probably introgressed from T.
monococcum, which showed high PPO activity, thus
the T. durum lines exhibiting high PPO activity could
contain this allele. On the other hand, most T. durum
varieties, represented by the cultivar Langdon, showed
very low PPO activities (Bernier and Howes 1994;

@ Springer



320

Genet Resour Crop Evol (2009) 56:311-321

Fuerst etal. 2008). The allele from 7. durum ‘Langdon’
(Ppo-Alg) was analyzed in this study, however, only
the upstream sequence of the allele was obtained, while
its downstream sequence remains unknown, though
many strategies such as Inverse PCR and Tail-PCR
were tried. Considering the low PPO activity charac-
terized in 7. durum wheat line ‘Langdon’, the carrier of
Ppo-Alg, the downstream sequence of this allele may
have numerous mutations which result in a partial or
even complete inactivation of this allele. Low
sequence homology would also explain why the
downstream sequence could not be amplified in this
study, using primers designed based on the alleles from
common wheat.

Two recent reports (Chang et al. 2007; Fuerst et al.
2008) indicate that Ae. tauschii may generally have
moderate-to-low PPO activity. In the present study,
we identified two alleles in this species, Ppo-DIc and
Ppo-DId, and the former shared high sequence
identity with Ppo-Dla associated with low PPO
activity in common wheat, implying that the allele
Ppo-Dic could also be related to low PPO activity.
Ppo-D1d, however, possessed a 73-bp deletion within
the third exon (Fig. 1), leading to a premature
translation termination. The two alleles may be
associated with the low PPO activity in Ae. tauschii.
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